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Abstract

Introduction

A main controversial issue in cell biology concerns
the molecular mechanism responsible for K+ accumulation in living cells and Na+ exclusion from them. The
alternative
theoretical
descriptions
of
these
phenomena are based on different assumptions about
the physical state of cellular Na+, K+ and H O. In
this article it is shown with striated muscle~ how
cryomethods and microanlytical
electron microscopy
may be used to test the opposing theories. It is
concluded
that these
methods
may yield more
realistic
informations about the physical state of
cellular
K+ and Na+ than measurements
with ion
sensitive
microelectrodes
or the reference
phase
method of Horowitz and coworkers. The results
obtained with different cryomethods,
especially with
autoradiography of frozen hydrated preparations and
electron microscopy of frozen hydrated cryosections
support the view that most of cellular K+ is bound to
macromolecules and hence osmotically inactive. These
findings suggest that problems of cell volume changes
either in the living state or during
preparative
procedures (e.g. during chemical fixation) can only be
understood by a model which takes into account
properties of
the
cytoplasmic
matrix
and
its
associated water. Further experimental evidence for
such a model is provided by electron micrographs
obtained after glutaraldehyde fixation of normal and
swollen muscles which are compared with results
obtained after freeze-substitution.

The structural and functional
unit of living
organisms is the cell. As long as the cell remains
alive the cell content which is largely water does not
mingle with its watery environment. To explain this
separateness
two opposing schools of thought have
existed ever
since
the beginning
of biologicai
research.
On
one
side
the
physiological
manifestations
of living cells
are explained
by
membrane properties, on the other side by properties
of the entire cytoplasm. The main features of the
alternative
views of today can be summarized as
follows: According to the membrane pump theory a
very thin surface, called cell membrane, separates the
extracellular pool from the intracellular protein salt
solution and regulates
the cell volume by its
semipermeable
properties; this membrane possesses
special
transport
system
(pumps) to maintain
asymmetric solute distribution and is responsible for
electrical potentials, called membrane potentials. This
membrane pump theory is taught in virtually all
textbooks
and serves as the basis of most biological
and medical research.
The alternative
view of the cell that is most
advanced theoretically
and experimentally
is the
association-induction
hypothesis (AIH) of Ling (1962,
1984a). According to this theory the cell represents a
cooperative
protein-ion-water
complex.
Proteins,
water and solutes exist in a physical state different
from that of an aqueous protein salt solution. The AIH
provides
explicit
molecular
mechanisms
for
cytoplasm-dependent
asymmetric solute distributions,
cytoplasm-dependent
osmotic
behaviour
and cell
surface-dependent electrical potentials.
In the following, I shall begin with the crucial
issue of the competing
theories,
namely
the
mechanism
of
cellular
K+accumulation
and
Na+ exclusion. Based on the alternative
assumptions,
postulations are derived and tested by cryomethods
and electron microscopy. It is then shown, that the
results demand a reconsideration
of mechanisms
responsible for the maintenance of cell volume and
for cell volume changes observed during preparative
procedures.
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The mechanism of cellular K+ accumulation

and

Na+ exclusion
A basic feature of virtually all living cells is
their ability to accumulate K+ ions selctively and to
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Fig. l: Effect of ouabain (3.7 x 10- 7M) on the equilibrium distribution of K+ and Na+ ion in frog sartorius
muscle. Curves with open (Na+) and filled (K+) circles were equilibrium distribution data from muscles
not treated with ouabain. (Na+)ad and (K+)ad (ordinate) are intracellular, (Na+)ex and (K+)ex (see
abscissa)extracellular
concentrations. (From Ling and Bohr, 1971a, Reprinted by permission).

exclude
Na+ ions partly:
In the extracellular
environment of a cell the Na+ concentration
is high
and the K+ concentration
is low whereas the cell
contains much K+ and small amounts of Na+. In the
membrane theory (MT) this phenomenon is attributed
to active
transport.
Membrane
situated
pumps
maintain a high concentration of free cellular K+ ions
and a low concentration of Na+ ions. By contrast, the
AIH postulates
the following two mechanisms to
explain the asymmetric ion distribution:
a) K+ is accumulated
in cells because cellular
proteins adsorb selectively K+ ions mainly at their
f3 -and y -carboxyl groups.
b) Na+ is partly excluded from the cell because the
bulk of the cellular water is influenced by extended
cytoplasmic
proteins in such a way that the
solubility of the hydrated Na+ ions (as well as
those of free K+, sugars and amino acids) is
reduced.
Alternative
postulations (P) derived from these
assumptions are the following:
PI (MT): The K+ concentration in the cellular water is
high; if cell water is unevenly distributed in the cell,
the K+ concentration follows the water distribution.
PI (AIH): The K+ concentration
in the cell water is
low; the K+ concentration follows the distribution of
f3 -and y -carboxyl groups fixed at the different
cytoplasmic proteins.
The alternative postulations given for cellular K+
should also be valid for Rb+, cs+, or Tl+. It is a well
known fact that living cells exposed to small
concentrations
of Rb+, cs+, or TJ+ accumulate these
ions according to the same mechanism as K+, i.e. by
a pumping mechanism or by adsorption to negative
fixed charges (see references in Edelmann, 1984a, p.
876). Hence, the subcellular distribution of K+ and of
the mentioned
K+ surrogates
is expected
to be

similar. Additional postulations can be formulated by
taking into account the following experimental facts:
The
asymmetric
distribution
of
extraand
intracellular
K+ and Na+ can be canceled reversibly
by lowering the external K+ concentration
or by
certain drugs, the most popular being ouabain. Results
showing this phenomenon are given in Fig. l (Ling and
Bohr, 1971a). The interpretation
according to the MT
is that at very low external K+ concentrations
the
membrane pump ceases to function and that ouabain
poisons the pump. In both cases the intracellular
concentration
of free Na+ increases to a high value
and the cell loses the accumulated K+. The poisoning
effect of ouabain may be reduced by increasing the
external K+ concentration.
The MT postulates for
living cells with non functional pumps i.e. with Na+
and K+ concentrations
similar to those of the
extracellular fluid:
P2 (MT): The Na+ concentration in the cellular water
is high,
Na+ follows
the water
distribution.
According to the AIH the K+ and Na+ distribution
curves of Fig. l represent adsorption isotherms whose
parameters
have
a rigorously
defined
physical
meaning. At low external K+ concentrations as well
as under the influence of ouabain the f3 -and Y -carboxyl groups shift cooperatively from all adsorbing K+
to all adsorbing Na+. Under these conditions the AIH
predicts:
P2 (AIH): The Na+ concentration in the cellular water
is low; Na+ follows the cellular distribution of f3 -and
y -carboxyl groups.
One of the most suitable tissue for testing the
above mentioned postulations is the striated muscle
for the following reasons:
a) The proteins of these muscles are periodically
arranged in such a way that both f3-and y -carboxyl
side chain concentrations
and the water content
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Fig. 2: Electron micrographs of 0.3 µm thick sections
of freeze dried and embedded frog sartorius
muscle. Freeze drying and embedding was
carried out as described by Edelmann (1978).
(a) Dry-cut section of a normal K+-containing
muscle
(b) Dry-cut section of a cs+ -loaded muscle
(c) Wet-cut section of a cs+ -loaded muscle
(d) Dry-cut section of a Tl+-loaded muscle. In
(b) and (d) the electron dense Cs+ and Tl+ are
mainly localized in the A bands (A), especially
at the outer edges, and at Z lines (Z) in the
center
of the I bands (I). The wet-cut
cs+ -loaded muscle shows poor contrast (c),
indicating that cs+ ions leach out into the
distilled water in the knife trough. Bar = 2µm.
(From
Edelmann,
1984a,
Reprinted
by
permission).
are periodically different in different areas of the
myofibrils, In the A bands the {3-and y -carboxyl
concentration
is higher than in the I band (Ling,
1977b) and the water content is slightly higher in
the I band than in the A band (Huxley and
Niedergerke, 1958).
b) Ling and Bohr (1969) have developed a method for
the in vitro preservation
of frog muscle tissue at
25°C for up to 8 days, as judged by the criteria of
resting potential,
the K+ and Na+ contents and
mechanical contractility.
Using this method it is
possible to replace in a reversible manner most of
cellular K+ either with Na+ or with Rb+, cs+ or
Tl+ in the living frog muscle (Ling and Bohr,
1971b; Ling 1977a).
Experimental

testing

In a recently
published review article
I have
already shown the following (Edelmann, 1984a): In the
normal K+ containing
frog sartorius
muscle or in
muscles loaded with the K+ surrogates Rb+, cs+ or
Tl+ the accumulated
ions are
preferentially
localized within the A bands, especially at the two
marginal regions and at the Z lines. The uneven
distribution of cs+ and Tl+ could be visualized most
clearly in freeze-dried embedded preparations (Fig. 2).
The independent
experiments
yielding
consistent
results
included
in
addition
microanalysis
of
freeze-dried
cryosections
and autoradiography
of
frozen hydrated
preparations
(Fig. 3). Additional
experiments with frozen hydrated preparations are the
following:
a) Autoradiography of Na+-loaded single fibers
at
-196°C: Muscles containing much Na+ and few K+
were obtained by reducing the extracellular
K+/Na+
ratio to 5 x 10-3 (see Fig. l). The Na+ was
labelled
with
radioactive
22Na
and
the
Na+ distribution was visualized by autoradiography
carried
out
at
-196°C
as described
earlier
(Edelmann,
1980). A 22Na autoradiogram
is
reproduced
in Fig. 4. It shows a periodical
arrangement
of rows of silver grains similar to
those of the 133cs and 86Rb autoradiograms
of
Fig. 3. The similarity
suggests a preferential
accumulation of Na+ in A bands of the muscle. The
rows of silver grains are separated
by areas
containing only few silver grains indicating that
large differences of Na+ concentrations must exist
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Fig. 3: Autoradiographs of froq muscle fibers.
(a) Light microscopic l.3 4cs autoradiogram of
a stretched cs+ -loaded fiber.
(b) Electron microscopic 134cs autoradiogram
of
a
stretched
cs+ -loaded
fiber.
The
sarcomere length is about 4.4µm. Between two
dark bands (A bands) a line of silver grains
indicates the Z line (arrow).
(c) Electron microscopic 86Rb autoradiogram
of
a
stretched
Rb+ -loaded
fiber.
The
sarcomere
length
is about 3.3µm. Arrows
indicate dark Jines at the outer edges of an A
band. (From Edelmann, 1980a, Reprinted by
permission).

Fig. 5: Frozen hydrated longitudinal
cryosections of
frog sartorius muscle. (a) Most of the cellular
K+ was displaced by TJ+. Dark Z Jines (Z) and
dark A bands (A) indicate sites of preferential
TJ+ accumulation.
f = myofiJaments,
c =
cristae
of a mitochondrium.
(b) Control:
normal K+ containing muscle. Only very faint
Z Jines (Z) of the slightly stretched muscle can
be seen. Bar = lµm (From Edelmann, 1984b,
Reprinted by permission).
Sections were obtained with a DIATOME diamond
knife using a REICHERT FC 4 cryouJtramicrotome.
(The detailed
method
of cryofixation
will be
published elsewhere. Briefly, the muscle is put on a
wet felt and covered with a wet filter
paper.
Immediately
after removing the filter
paper the
muscle and the attached felt are frozen on a
polished,
lN2-cooled
Cu
block.
The
frozen
preparation
can then be mounted in a vice type
holder of the cryoultramicrotome.
(Cryofixation
of
muscle by immersion in liquid propane as described
by Edelmann (1983, 1984a) yielded similar results).
The sections were collected on uncoated Cu grids
and transferred
into a ZEISS cryo transmission
electron microscope (EM 10 CR) by means of the
ZEISS cryotransfer
unit
(HezeJ et al., 1984).
Cryofixation,
cryosectioning, and cryotransfer were
performed below -150°C. Results are given in Fig.
5. Frozen hydrated
cryosections
of TJ+ loaded
muscle (Fig. 5a) show dark Z lines and dark A

Fig. 4: Electron microscopic 22 Na auto radiogram of a
stretched
frog sartorius muscle fiber which
contained much Na+ (labelled with 22Na) and
few K+ (see text). The periodically
arranged
rows of silver
grains indicate
sarcomere
lengths of about 3µm. Bar = 3µm.

in the sarcomeres of the hydrated muscle. Since
the water content in the I band is only about 10%
higher than in the A band (Huxley and Niedergerke,
1958) it cao be noted that the Na+ distribution
does not follow the water distribution.
b) Electron microscopy of frozen-hydrated
cryosections
of Tl+ loaded muscle (Edelmann, 1984b): More than
80% of cP11u1ar K+ h;:is been displaced by TJ+ as
described by Ling (1977). The muscles were frozen
by rapid contact with a cold polished Cu block.
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bands. The ultrastructure
of muscle can be
recognized:
myofilaments
are
well
stained.
Noteworthy are also the well stained cristae of
mitochondria. In similarly prepared frozen hydrated
cryosections
of normal K+ containing muscle the
ultrastructure
of sarcomeres could not be seen. The
sections revealed an uniform contrast and in most
cases even sarcomeres could not be localized (Fig.
5b). (Frozen hydrated cryosections of glycerinated
insect flight muscle which was cryoprotected
by
15% sucrose show a well preserved ultrastructure
of the unstained muscle tissue (McDowall et al.,
1984). However, glycerol extracted muscle is not a
living tissue and behaves quite different than a
native untreated muscle; hence, it is conceivable
that the solid material of a living cell is more
uniformly distributed in the cell than that of a
glycerol extracted muscle. This could also explain
observations of Wendt-Gallitelli
et al. (1980), who
could not recognize sarcomeres in well frozen parts
of freeze-dried cryosections of untreated papillary
muscle whereas cryosections of glycerinated muscle
did show sarcomeres).
The
different
preparation
methods
show
consistently
that alkali metal ions and Tl+ are
unevenly distributed in the striated muscle following
certain proteins. An especially high concentration
is
always found at myosin (A band) which is known to
carry relatively much f3 -and
Y-carboxyl groups.
Hence, the results falsify the above mentioned
postulation
Pl(MT) and confirm Pl(AIH). The fact
that individual filaments of the hydrated muscle are
"stained" by Tl+ (even in the I band) indicates that a
large amount of Tl+ must be bound at these
filaments
and supports
the view that
the Tl+
concentration is rather low in the cellular water. The
same can be said for cs+: In Fig. 3b relatively large
areas show very few grains (I bands) whereas most of
the grains are concentrated
in other well defined
areas (A bands). Since the concentration of free cs+
in the cellular water must be equal in the A bands
and the I bands one can only conclude that the Cs+
concentration
in the cellular water is very low.
Taking into account the similarity of cellular uptake
of K+ and of the K+ surrogates cs+ and Tl+ we
come to the conclusion that most of cellular K+ is
bound and hence osmotically inactive. From the 22 Na
autoradiogram
(Fig. 4) it can be concluded that a
muscle
cell
with
about the
same
intraand
extracellular
Na+ concentration
does exclude Na+
from certain intracellular areas while accumulating
it at other periodically arranged places. This is
consistent
with
P2(AIH) and does not confirm
P2(MT).
The findings reported
here seem to be in
conflict with results obtained by other methods
which are supposed to be suited to detect K+ and
Na+ concentrations in cellular water:
a) It is well known that ion activity measurements
with ion sensitive microelectrodes
failed so far to
detect
a low K+ activity in muscle cells. In
reviewing such measurements Edzes and Berendsen
(1975) concluded: "The experimental results point
to little or no binding of the alkali cations and
certainly not to a strong preferential K+ binding".
However, it is a fact that the microelectrode
measures
the
ionic activity
only within a
microscopic
film immediately
surrounding
the
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electrode tip and hence within a region of the
cytoplac'll
that
has been
damaged
by the
electrode.
If
the
cytoplasm
is really
a
protein-ion-water
complex it may be doubted if
the ion concentration in the damaged part may be
correlated at any time to the ion activities of the
undisturbed cytoplasm. This problem has been
discussed in detail by Ling (1984a, pp. 250-257).
The findings that in the striated muscle most of
cell K+ is not dissolved in the cell water and that
ion sensitive electrodes measure K+ activities
as
high as if all K+ would be dissolved in the cell
water clearly points to the weakness of the
activity
measurements with microelectrodes.
b) Horowitz and coworkers developed the reference
phase method to measure intracellular K+ and Na+
activities
in salamander eggs (Horowitz et al.,
1979; Horowitz
and Paine,
1979). At high
temperature
(37°C) small drops of a 10-20%
gelatin solution are injected into the egg. At
lower temperature
the injected solution gels and
may be used as a reference phase (RP). After
equilibration for varying lengths of time, the egg
is frozen in liquid nitrogen and by cryodissection,
the cytoplasm of the egg and the gelatin droplet
are then removed and analysed separately
for
K+, Na+ and H20 contents.
Using this method
Horowitz and coworkers found until about 5 hours
after gelatin injection higher K+ and lower Na+
concentrations
in the gelatin than in the external
solution bathing the oocytes and concluded that
these findings proved active transport. However,
in contrast
to the rapid Na+ exchange the
intracellular-extracellular
K+ exchange
of the
gelatin loaded oocytes is very slow. Following the
data of Horowitz
and Paine (1979), 99% of
exchange is reached theoretically after about 3.5
days. Therefore,
if some K+ is liberated from
cytoplasmic
binding sites due to an inevitable
damage of the cytoplasm during and after the
gelatin injection K+ must be accumulated in the
approximately
free water of the RP because it
cannot escape through the egg membrane into the
outside solution. For electrostatic
reasons the high
- very slowly decreasing - K+ concentration in the
RP causes the
equilibrium concentration
of
rapidly exchanging ions of the same electrical sign
to be descreased in the RP (Donnan membrane
equilibrium), i.e. the concentration of the rapidly
exchanging Na+ must be low in the RP. To explain
the results neither a K+ nor a Na+ pump must be
postulated. In this connection it is interesting to
note that the measured K+ concentration
in the
RP is higher than the K+ concentration
(free
and/or bound) of the egg cytoplasm. This finding is
similar
to
that
found
by
ion
sensitive
microelectrodes:
Palmer et al. (1978) measured
higher
K+
activities
than
actual
K+
concentrations
in oocytes of the frog. These
results point to the similarity of
artifacts
introduced
by the microelectrode
and by the
injection
of
gelatin
(disturbance
of
the
cytoplasmic
protein-ion-water
complex).
A
detailed critique of the so called proof of the
Na-K pump by means of the RP experiments was
given by Ling (1984b).
The foregoing discussion showed that results
obtained with ion sensitive microelectrodes
and with
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the RP method
cannot
be interpreted
in an
unequivocal manner. "Non-destructive"
cryomethods
and analytical
electron microscopy seem to yield
more realistic informations about the physical state
of cellular K+, Na+ and H2 o. The results obtained so
far with these methods point to future strategies to
evaluate precisely the K+ and Na+ concentrations in
cellular water: One may recall that autoradiography
of l 33cs loaded muscle already showed a very low
silver grain density in the highly stretched I band. In
going one step further the muscle may be stretched
just before freezing in such a way that the main
cellular proteins myosin and actin are separated from
each other (Locker and Leet, 1975). It is expected
that these preparations contain areas with rather low
protein
concentrations.
After
suitable
cryopreparation
(e.g.,
cryosectioning
and
freeze-drying)
the ion concentrations found in these
areas may then be approximately those of free ions.
Frozen hydrated cryosections of TJ+ loaded muscle
recommend another method: Fig. Sa shows that the
TJ+ concentrations
at certain
filaments are much
higher than between the filaments. Microdensitometry
of
photographs
may
be suitable
to evaluate
quantitatively
the
different
subcellular
TJ+
concentrations.
The most sophisticated
method
suitable to detect uneven ion distributions
in thin
section is the microanalysis with the ZEISS EM 902 by
electron spectrometric
imaging (Egle et al., 1984). By
means of this method maps of the spatial distribution
of elements
(especially
of low atomic
number
elements such as Na+) may be obtained with a spatial
resolution of about 0.5 nm. The results reported so
far point to another area of electronmicroscopic
investigations:
If the capability of living muscle to
accumulate alkalimetal ions and TJ+ is really due to a
weak binding or adsorption of the ions at cytoplasmic
proteins one may postulate to develop a preparation
method for electron microscopy which maintains the
binding capacity
of cellular proteins.
In several
publications I have shown that it is in fact possible to
demonstrate
accumulation
of alkalimetal
ions in
sections
of freeze
dried and embedded
muscle
(Edelmann, 1980b, 1981). Selective uptake of the ions
at specific sites could be detected.
Noteworthy are
the staining experiments with cs+ which demonstrate
that cs+ is bound preferentially at filaments of the
A band and at Z line proteins (Fig. 6a). The binding
capacity of proteins is lost in glutaraldehyde
fixed
muscle (Fig. 6b). A comparison of Fig. 6a with Fig. Sa
shows that the in vitro binding sites of cs+ in freeze
dried embedded preparations are similar to the in vivo
binding sites of TJ+.

Fig. 6: Muscle sections "stained" with a solution containing 100 mM LiCl and 10 mM CsCl as
described by Edelmann (1984a).
(a) Freeze-dried
and embedded muscle (From
Edelmann (1984a), part of Fig. 14c, Reprinted
by permission).
(b) Glutaraldehyde fixed and embedded muscle.
cs+ binding sites are only visualized in the
freeze-dried preparation.
membrane is essential for the maintenance of cell
volume.
With the information that the bulk of cell K+ is
not freely dissolved in the cellular water, the cellular
water activity must be explained by cellular water
properties being different from those of free
extracellular
water.
Additional
evidence
for
this
postulation
comes from the following observations:
Ling and Walton (1976) showed with frog muscles that
the maintenance of normal cell volume, its swelling in
hypotonic solutions as well as in concentrated
KC!
solutions were indifferent to the presence of an intact
cell membrane. The experimental findings cannot be
explained by any membrane theory which assumes
that properties
of an intact cell membrane are
responsible for the accumulation of a large amount of
free
intracellular
particles
which determine
or
influence
the intracellular
osmotic pressure.
An
alternative
explanation for cell volume regulation is
given by the AIH: The cell is determined by two
factors:

Cell volume regulation
Most animal cell do not have a membrane
sufficiently
rigid to exert a hydrostatic
pressure;
hence
cell
volume
changes
rapidly
when the
osmolarity of the external medium is changed until
the cellular water activity equals that of the outside
solution.
Modern textbooks
describe
cell volume
regulation
- according
to the MT - as being
determined primarily by the osmotic pressure exerted
by solutes that are freely dissolved within cellular
water. K+ - the main cellular cation - is thought to
be the main solute that helps balance the osmotic
pressures of the ceil interior and of the extracellular
medium. According to this view an intact
cell
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l. It is assumed that virtually all of the cell water is
polarized in multilayers.
In this state water has
reduced osmotic activity and reduced solubility for
hydrated ions (e.g. Na+) and large molecules (e.g.
sugars and amino acids). According to the theory
certain cellular proteins must be extended with the
alternating sequence of positively charged NH groups
and negatively charged CO groups directly exposed to
that water. In such conformation, the protein chain
constitutes
part of a regular matrix of parallel
extended
prate in chains between
which most
cell water is found. Experimental evidence for such
view was provided
by studies
of native
and
denaturated proteins as well as natural and synthetic
polymers. It could be shown in vitro that certain
proteins and polymers may in fact influence water in
such a way that the osmotic activity
and the
solubility for Na-salts, sugars and amino acids is
reduced (Ling et al., 1980a, b).
2. It is assumed that intracellular restrictive forces
balance and hold in check the tendency of attracting
still more water layers and thereby cause the cell to
expand its volume. A major restrictive force is that
provided by the salt linkages which are formed
between the negatively charged
f3 -and
y -carboxyl
groups and the positively charged imidazole, E -amino
and guanidyl groups of different neighbouring protein
molecules and possibly even within the same protein
molecules. Swelling of cell induced by high external
KC! is explained by a dissociation of salt linkages
resulting in a reduction of restrictive forces and in
providing new adsorption sites, specific for both K+
and CJ-. Experimental evidence for this view was
provided by studying the swelling effect of different
alkalimetal ions as well as different anions (Ling and
Peterson, 1977; Ling, 1984a, Chapter 13, pp. 437-462;
see also Negendank, 1984).
In my opinion, this model has to be taken into
account when facing problems of volume changes
during sample preparation for electron microscopy.
For example, it is well known that chemical fixatives
such as glutaraldehyde and OsO4 cause the cells to
lose cellular K+ and to take up cellular Na+ (e.g.
Penttila et al., 1974). According to the AIH losing of
K+ always reflects cancelling of the K+ binding
capacity of the f3 -and Y-carboxyl groups. At least
two different subsequent reactions are conceivable:
On one hand,
newly formed salt linkages between
negatively charged groups may cause the cell to
shrink. The shrunken cell volume is then primarily
determined
by the internal
contraction
of the
coherent cytoplasm. Let us consider glutaraldehyde
which usually causes the cell to shrink (Hayat, 1981,
p. 50). In several experiments no correlation could be
found between the degree of cell shrinkage and the
concentration of glutaraldehyde in the fixative and it
was shown that the type of buffer used is more
important
in determining
the cell volume (for
references see e. g. Lee, 1984). It was assumed that
these
findings must be explained
by different
permeability
changes of intra- and extracellular
solutes caused by the different buffers. However, the
water permeability is always very high. Hence, if the
cell volume does not respond immediately to a drastic
change of extracellular osmolarity (1 % glutaraldehyde
causes an osmolarity change of about 130 mOsm!) one
may conclude that the cell volume is determined by
the internal cohesive forces of the cytoplasm. These
forces may be modified by ions and other substances
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of the buffer used.
On the other hand, when using OsO4 as the
primary fixative usually swelling of the tissue occurs
(Hayat, 1981, p. 89). It must be concluded that in this
case liberation of K+ ions from their binding sites is
not followed by an internal contraction
of the
cytoplasm by the formation of salt linkages. Studies
by Elbers (1966) on molluscan eggs suggested that
during OsO4 fixation a net increase of negative
charges of the cytoplasmic colloids causes the protein
chains of the gel to repel each other; as a
consequence the cell volume increases. These studies
and others (e.g. Tooze, 1964) indicate that volume
change due to OsO4 fixation is primarily not an
osmotic response. Consistent with this view is the
failure of attempts in adding sucrose or dextran to
reduce swelling of the tissues caused by OsO4 (Bahr
et al., 1957).
Own findings which are consistent
with the
foregoing considerations are described next:
Frog sartorius muscles have been incubated for 2 days
in sterile Ringers' solution containing 93 mfv1 KC! as
described by Ling and Peterson (1977). Weighing the
muscles before and after incubation yielded a weight
increase of 50%. The swollen muscles have been
chemically fixed by glutaraldehyde (2%), dehydrated in
acetone and prepared for electron microscopy in the
conventional
manner.
It was found that during
glutaraldehyde fixation a hypotonic cacodylate buffer
(0.01 M) is necessary to maintain the weight of the
swollen
muscle.
Cross-sections
and longitudinal
sections of glutaraldehyde fixed normal and swollen
muscles are given in Fig. 7a - d. One notes that the
distance
between
neighboured
myosinfilaments
is
similar in both preparations which have been fixed at
the same resting length (see longitudinal sections).
The swollen muscle shows large areas containing no
cellular material.
In order to evaluate the artifacts introduced by
glutaraldehyde, normal and swollen muscles have been
freeze-substituted
(Fig. 7e - h): It is evident that the
distance between myosinfilaments
of normal freeze
substituted muscle is much larger than that of normal
chemically fixed muscle and that the myosinfilaments
of swollen muscles are still further apart from each
other. In addition, large areas containing no cellular
material could not be observed in KCl-swollen, freeze
substituted
muscle.
The artifacts
produced
by
glutaraldehyde
are interpreted
as mentioned above:
The fixative
causes the cytoplasmic
matrix to
contract and to extract water from the myofibrils.
Conclusions
The results
obtained
with cryomethods
and
electron microscopy are consistent with the view that
the bulk of cellular
K+
is weakly bound to
cytoplasmic proteins and that cellular water has a
lower solubility for Na+ ions than extracellular free
water.
It is concluded
that properties
of the
cytoplasmic
matrix and its associated
water are
important factors for maintaining normal cell volume
and must be considered to understand cell volume
changes during preparative procedures. The problems
discussed in this article may be further tackled by the
following electron microscopic investigations:
l.
Quantitative
determination
of Na+ and K+
concentrations
in the
cellular
water
and at
cytoplasmic
proteins (frozen hydrated and freeze
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dried cryosections).
2. In vitro
investigation
of the cooperative
interactions between proteinaceous fixed charges and
different ions, especially alkalimetal
ions (sections of
freeze-dried and embedded preparations).
3. Morphological studies of normal and swollen tissues
after
different
preparation
procedures
(chemical
fixation, cryofixation and subsequent cryosectioning or
freeze substitution).

Fig. 7: Cross-section (a, c, e, magnification same as
g), longitudinal sections (b, d, f, magnification
same as h) of frog sartorius muscle.
(a) and (b) were obtained from a muscle fixed
with 2% glutaraldehyde in 0.1 M cacodylate
buffer for 2 h (4°C), dehydrated with acetone
and embedded in Spurr's resin.
(c) and (d) show a KCl-swollen muscle (see
text) after fixation with 2% glutaraldehyde in
0.01 M cacodylate
buffer for 2 h (4°C),
dehydrated with acetone and embedded in
Spurr's resin.
(e) and (f) Freeze-substituted
control muscle.
(g) and (h) Freeze-substituted
KCl-swollen
muscle (see text). Freeze-substitution
was
carried out with 2% OsO 4 in acetone at -80°C
for 2 days. Then the temperature
was
increased
at a rate of 4°/h to room
temperature.
The substitution
solution was
replaced by acetone and after l h the acetone
was gradually replaced
by Spurr's resin.
Freeze-substitution
was
carried
out
automatically
in
a
prototype
of
a
cryosubstitution apparatus (Edelmann- system)
as described by Sitte (1984). Each of the
hexagons shown in (a, c, e, g) include 7
cross-sectioned
myosinfilaments;
they are
drawn to facilitate
the comparison of the
different photographs. Bars = 0.5 µm.

Acknowledgements
This work was supported by Zentrale Forschungskommission der Universitat des Saarlandes and by
Vereinigung der Freunde der Universitat des Saarlandes. I would like to thank Mrs. E. Frank for
typing the manuscript.

References
Bahr GF, Bloom G, Friberg U. (1957). Volume changes
of tissues in physiological fluids during fixation in
osmium
tetroxide
or formaldehyde
and during
subsequent treatment. Exptl. Cell Res. 12, 342-355.
Edelmann L. (1978). A simple freeze-drying technique
for preparing biological tissue without chemical
fixation for electron microscopy. J. Microsc. (Oxford)
112, 243-248.
Edelmann L. (1980a). Potassium binding sites in
muscle. Electron microscopic visualization of K, Rb,
and
Cs
in
freeze-dried
preparations
and
autoradiography at liquid nitrogen temperature using
86Rb and 134cs. Histochemistry 67, 233-242.

Elbers PF. (1966). Ion permeability of the egg of
Limnaea
stagnalis
L. on fixation
for electron
microscopy. Biochim. Biophys. Acta l.!..?_,318-329.
Hayat MA. (1981). Principles
and techniques of
electron microscopy. Edward Arnold, London, 1-522.

Edelmann L. (1980b). Preferential localized uptake of
K+ and cs+ over Na+ in the A-band of freeze-dried
embedded
muscle section.
Detection
by X-ray
microanalysis
and laser microprobe mass analysis.
Physiol. Chem. Phys. 12, 509-514.

Hezel UB, Zellmann E, Hoffmeister
D. (1984).
High-performance transmission electron microscopy of
cryospecimens. Proc. 42nd Ann. Meeting of the EMSA,
G.W. Bailey, Ed., San Francisco Press, San Francisco,
CA, 276-277.

Edelmann L. (1981). Selective accumulation of u+,
Na+, K+, Rb+, and cs+ at protein
sites of
freeze-dried embedded muscle detected by LAMMA.
Fresenius Z. Anal. Chem. 308, 218-220.

Horowitz SB, Paine PL, Tluczek L, Reynhout JK.
(1979). Reference phase analysis of free and bound
intracellular
solutes. I. Sodium and potassium in
amphibian oocytes. Biophys. J. 25, 33-44.

Edelmann
L.
(1983).
Electron
probe
X-ray
microanalysis of K, Rb, Cs, and Tl in cryosections of
the striated muscle. Physiol. Chem. Phys. 15, 337-344.

Horowitz SB, Paine PL. (1979). Reference
phase
analysis of free and bound intracellular solutes. II.
Isothermal and isotopic studies of cytoplasmic sodium,
potassium, and water. Biophys. J. 25, 45-62.

Edelmann L. (1984a). Subcellular distribution
of
potassium in striated
muscles. Scanning Electron
Microsc. 1984; II: 875-888.

Huxley AF, Niedergerke R. (1958). Measurement of the
striations
of isolated
muscle
fibers
with the
interference
microscope. J. Physiol. (London) 144,
403-425.
-

Edelmann L. (1984b). Frozen hydrated cryosections of
thallium loaded muscle reveal subcellular potassium
binding sites. Physiol. Chem. Phys. and Med. NMR 16,
499-501.
Edzes HT, Berendsen HJC. (1975). The physical state
of diffusible
ions in cells. Annual Review of
Biophysics and Bioengineering ~' 265-284.

Lee MKW. (1984). A critical appraisal of the effects of
fixation, dehydration and embedding on cell volume.
Science of Biological Specimen Preparation,
J.P.
Revel, T. Barnard,
G.H. Haggis (eds.) Scanning
Electron Microscopy, Inc., AMF O'Hare, IL 61-70.

Egle W, Kurz D, Rilk A. (1984). The EM 902, a new
analytical
TEM for ES! and EELS. Magazine for
Electron Microscopists l, 4-9.

Ling GN. (1962). A physical theory of the living state.
The
association-induction
hypothesis.
Blaisdell,
Waltham, MA. 1-680.

40

Two Opposing Theories Tested by Cryomethods

..·......
. . :·-

. ..

~·;:,

41

L. Edelmann
Penttlla A, Kalima H, Trump FB. (1974). Influence of
glutaraldehyde
and/or
osmium
tetroxide
on cell
volume,
ion
content,
mechanical
stability,
and
membrane permeability of Ehrlich ascites tumor cells.
J. Cell Biol. 63, 197-214.

Ling GN. (1977a). Thallium and cesium in the muscle
cells compete
for the adsorption
sites normally
occupied by K+. Physiol. Chem. Phys. ~' 217-222.
Ling GN. (1977b). K+ localization in muscle cells by
autoradiography,
and identification
of K+ adsorbing
sites in living muscle with uranium binding sites in
electron micrographs of fixed preparations.
Physiol.
Chem. Phys. ~' 319-327.

Sitte H. (1984). Instruments
for cryofixation,
cryoultramicrotomy
and cryosubstitution
for biomedical
TEM. Magazine for Electron Microscopists l, 25-31.
Tooze J. (1964). Measurements
of some cellular
changes during the fixation of amphibian erythrocytes
with osmium tetroxide
solution.
J. Cell Biol. 22,
551-563.
-

Ling GN. (1984a). In search of the physical basis of
life. Plenum Publishing Corp. New York, 1- 791.
Ling GN. (1984b). Counterarguments
against alleged
proof of the NA-K pump in studies of K+ and Na+ distribution in amphibian eggs. Physiol. Chem. Phys. and
Med. NMR 16, 293-305.

Wendt-Gallitelli
MF, Sti:ihr P, Walburg A, Schlote W.
(1980).
Cryoultramicrotomy,
electron
probe
microanalysis and STEM of myocardial tissue. Scanning
Electron Microsc. 1980; II. 499-510.

Ling GN, Bohr G. (1969). Studies on ionic distribution
in living cells I. Long-term preservation
of isolated
frog muscles. Physiol. Chem. Phys. l:_,591-599.
Ling GN, Bohr G. (1971a). Studies on ion distribution in
living cells: III. Cooperative
control of electrolyte
accumulation by ouabain in the frog muscle. Physiol.
Chem. Phys. l, 431-447.
Ling GN, Bohr G. (1971b). Studies on ionic distribution
in living cells IV. Effect of ouabain on the equilibrium
concentrations
of Cs+, Rb+, K+, Na+ and u+ ions in
frog muscle cells. Physiol. Chem. Phys. l, 573-583.
Ling GN, Peterson K. (1977). A theory of cell swelling
in high concentrations
of KC] and other chloride salts.
Bull. Math. Biol. 39, 721-741.
Ling GN, Walton CL. (1976). What retains
living cells? Science 191, 293-295.

water

in

Ling GN, Ochsenfeld MM, Walton C, Bersinger T J.
(1980a). Mechanism of solute exclusion from cells. The
role of protein-water interaction. Physiol. Chem. Phys.
12, 3-10.
Ling GN, Walton C, Bersinger T J. (1980b). Reduced
solubility of polymer-oriented
water for sodium salts,
sugars,
amino acids, and other solutes
normally
maintained at low levels in living cells. Physiol. Chem.
Phys. 12, 111-138.
Locker RH, Leet NG. (1975). Histology of highlystretched beef muscle. I. The fine structure of grossly
stretched single fibers. J. Ultrastruct.
Res. 52, 64- 75.
McDowall AW, Hofmann W, Lepault J, Adrian M,
Dubochet
J. (1984). Cryoelectron
microscopy
of
vitrified
insect flight muscle. J. Mal. Biol. 178,
105-111.
Negendank W. (1984). Ionic distributions and volume
maintenance
in human lymphocytes.
Physiol. Chem.
Phys. and Med. NMR 16, 3-20.
Palmer LG, Century T J, Ci van MM. (1978). Activity
coefficients
of intracellular
Na+ and K+ during
development
of frog oocytes. J. Membr. Biol. 40,
25-38.

42

